The organic sulfur compound bis-(1,1,3,3-tetramethylbutyl)-polysulfide was investigated as a novel sulfiding agent for hydrodesulfurization (HDS) catalyst by evaluating the conversion of dibenzothiophene (DBT) on a commercial Co-Mo/Al2O3 catalyst.
Introduction
Hydrotreatment catalysts are usually prepared in the form of highly dispersed molybdenum oxide and promoters such as Co and Ni on supports and are then exposed to a sulfiding atmosphere for conversion into the active phase1). The presulfiding process transforms at least part of the metal oxide catalyst from the calcined state to the active sulfided state. Laboratory studies typically use direct sulfidation of the calcined precursor in a hydrogen stream containing 2-10% of H2S, but this method not recommended for use in refineries, mainly because of "hot-spotting" phenomena. Metal oxide catalysts can be sulfided in the reactor of a commercial plant, i.e., in situ, by contact with sulfur compounds which are easily decomposed at low temperatures, such as CS2, dimethyldisulfide (DMDS), or a sulfur-containing oil or feedstock in an atmosphere of H2. Potential environmental problems have increased interest in the polysulfide bis-(1,1,3,3-tetramethylbutyl)-polysulfide (CS-40), which has a higher boiling point and lower toxicity than CS2 or DMDS (Table 1) .
This study investigated the use of polysulfide as a sulfiding agent firstly by evaluating the conversion of a model sulfur-containing compound-dibenzothiophene (DBT) on a commercial CO-Mo/Al2O3 catalyst. Recently, a novel commercial technology has been introduced to presulfide the oxide catalyst ex situ in advance by impregnation with a solution of organic polysulfides followed by heat treatment, which partially converts the metal oxides to sulfides2)-5).
Supply of metal oxide catalysts incorporating sulfur is advantageous to the user. The odorless sulfided intermediate can be loaded into a reactor and brought up to reaction conditions in the presence of hydrogen, causing the sulfur compounds to react with hydrogen and converting the metal oxides into sulfides without additional process steps. Such presulfided catalysts provide economic advantages to the plant operator and avoid many of the hazards, such as flammability and toxicity, of in situ presulfiding. Therefore, the optimum sulfiding conditions using CS-40 for the in situ and ex situ methods were also investigated.
The sulfidation process is likely to be influenced by the nature of the presulfiding agent and the process conditions1),6)-9 Recently, a novel approach has been developed for determining the sulfur behavior on "working catalyst," i.e., the 35S radioisotope tracer methods1),19)-21). This method is expected to provide information about the activation process of the catalyst. The present study compared the sulfur behavior on catalysts presulfided by different methods using the 35S radioisotope tracer method to investigate the relationship between the catalytic activity and the behavior of sulfur on the working catalyst. Two types of presulfiding procedures, in situ (PSI-1 to PSI-8) and ex situ (PSE-1 to PSE-6), were used to activate the catalyst, using programmed increases in temperature and time as shown in Figs. 1 and 2 .
The in situ presulfiding procedure consisted of packing the fresh catalyst (ca. 1g) into a reactor (i.d. 8mm) and processing as follows.
Presulfiding used H2S. A mixture of 4.95vol% H2S in a stream of H2 was passed over the fresh catalyst pressure, and the temperature was increased according to PSI-1 in Fig. 1 .
Presulfiding used CS2, dimethyldisulfide (DMDS) and CS-40.
A decalin solution containing 1.95-3.40 wt% of sulfur in the form of CS2, DMDS or CS-40 at a flow rate of 32cm3/h was mixed in a stream of H2 at a flow rate of 0.01m3/h and 3.0MPa pressure, and the temperature was increased according to PSI-2 or PSI-6 in Fig. 1 . The concentration of sulfur in the decalin solution is shown in Table 3 . The total amount of sulfur incorporated into the catalyst in the sulfiding process was greatly in excess of that required by the stoichiometric Co9S8 and MoS2 in the final catalyst, as shown in Tables 3 and 4 .
Presulflding conditions using CS-40 were optimized by several presulfiding procedures (PSI-2 to 8). Ternperature programs of one stage were used and the effect of final temperature and rate of temperature increase were investigated with PSI-2 to 4. The catalyst was tion of CS-40 and hydrogen gas were introduced at procedures were used and the effect of the temperature in the first or second stage was investigated in PSI-6 to 8.
The ex situ presulfiding consisted of immersing the fresh catalyst (1.0g) in an acetone solution (2ml) of CS-40 (2.0g) or in a CS2 solution of CS-40 (0.5-2.1g) and elemental sulfur (0.5-5.4g) at room temperature. Then the solvent was removed from the mixture in a irradiation.
The catalyst was then packed into the reactor and a stream of hydrogen gas passed at a flow rate of 0.01m3/h and 3.0MPa pressure, and the temperature increased according to PSE-1 to b in Fig. 2 .
The total amount of sulfur incorporated into the catalyst in each procedure is shown in Table 5 .
Catalytic Activity Test
The activities of the catalysts presulfided in situ for the HDS of DBT were measured using the following MPa; WHSV, 28h-1; flow rate of 1wt% DBT decalin solution, 32cm3/h; flow rate of H2, 0.01m3/h. The activities of the catalysts presulfided ex situ for the HDS of DBT were measured using the following conMPa; WHSV, 28h-1; flow rate of 1wt% DBT decalin solution, 32cm3/h; flow rate of H2, 0.025m3/h. Samples were collected from a gas-liquid separator and the products were analyzed by gas chromatography with an FID detector (Shimadzu GC-17), as described previously19),20) a) Total sulfur introduced in presulfiding process. Catalytic activities were estimated by the conversion of DBT. The detectable products were biphenyl (BP) and cyclohexylbenzene (CHB). The rate constant (kHDs) of the pseudo-first-order reaction of HDS of DBT for this series of catalysts was determined according to the previous method20). Similarly, the formation of CHB was used to estimate the HYD reaction of DBT, and the rate constants (kHYD) of the pseudo-firstorder reaction of HYD of DBT were determined from the formation of CHB. The liquid scintillation counting method was described previously19).
Results

Influence of Sulfiding Agent and Sulfiding
Temperature on Catalytic Activity HDS activities of the catalysts presulfided in situ are summarized in Table 3 . Presulfiding procedure PSI-2 resulted in similar catalytic activity using CS-40 and DMDS, although the sulfur content was higher in the decalin solution of the latter. Presulfiding procedure PSI-6 provided a higher catalytic activity using CS-40 than CS2. However, presulfiding procedure PSI-1 using H2S provided the highest catalytic activity.
The total amount of sulfur incorporated into the catalyst was greatly in excess of the stoichiometric sulfur amount when all active metals were assumed to be present in the forms of Co9S8 and MoS2 in the final catalyst in all cases, as shown in Table 3 . These results indicate that the activity of the catalyst was significantly influenced by the type of sulfiding agent and sulfiding temperature program.
These results also suggest that the polysulfide CS-40 is a promising sulfiding agent to replace current presulfiding agents such as DMDS and CS2.
The presulfiding procedure, especially the sulfiding temperature, is very likely to affect the HDS and HYD activity.
Therefore, CS-40 was selected as the sulfiding agent and the effect of presulfiding procedures, PSI-2 to 8, were investigated as shown in Fig. 1 . The HDS results are summarized in Table 4 . Higher final temperature resulted in higher conversion of DBT in one stage procedures (PSI-2 to 5), except for PSI-5. Moreover, a slower rate of temperature rise was also favorable to the activation of the catalyst: PSI-4 lures (PSI-6, 7 and 8) formed higher activity catalysts than one stage procedure (PSI-2). Both higher first stage temperature and higher final temperature
Higher final temperature resulted in lower selectivity for CHB (Table 4 ). Figure 3 shows the relationship between the hydrogenation rate constant (kHYD) and the final sulfidation temperature.
The value of kHYD was greater for two stage procedures than for one stage procedures when the final sulfidation temperature was the same. This suggests that the presulfiding procedure with two stages using CS-40 is a more efficient method to enhance the HYD activity of the catalyst.
Catalytic Properties of the Catalysts Pre-
pared by ex situ Sulfiding An ex situ sulfiding method for impregnating CS-40 onto the catalyst was developed as a more economic and more convenient sulfiding method. The optimal loading content of polysulfides and the feasibility of combining CS-40 with elemental sulfur were investibecause a higher temperature is necessary to use sulfur as a sulfiding agent. Conversions of DBT at several temperatures on the catalysts presulfided ex situ by various procedures are shown in Table 5 and Fig. 4 . Conversion by the catalyst presulfided by H2S in situ (PSI-1) is also shown for reference in Fig. 4 . The catalytic activity of the catalyst presulfided ex situ depended on the type and amount of sulfiding agent, and the temperature program. Catalysts presulfided with a single sulfiding agent (PSE-1 and PSE-5) showed lower activity than those prepared using two sulfiding agents simultaneously (PSE-2).
Moreover, the catalyst prepared by PSE-4 showed the same or even higher activity than that presulfided by H2S (PSI-1), although the total sulfur incorporated in the catalyst in the former was only one-tenth of that in the latter, as shown in Table 5 . The catalyst presulfided by PSE-4 showed the highest HYD activity. Fig. 5 (shaded area B) . This released 35S was approximately equal to the shaded area The amount of labile sulfur can be calculated from the total radioactivity of the [35S]H2S released after [32S]DBT was reintroduced, i.e., shaded area B20). The release rate constant was also determined to evaluate the release process of [35S]H2S more accurately.
As reported previously20), the release of [35S]H2S in the range of area B can be described as a first-order reaction.
Thus, the release rate constant of [35S]H2S, kRE, was determined and is listed in Table 6 .
Similar 35S radioisotope tracer experiments were carried out on the catalysts presulfided by various sulfiding procedures and the results are summarized in Table 6 . The amount of labile sulfur (S0) was affected by the sulfiding procedure and the largest amount of labile sulfur was obtained by PSE-4. Further, the amounts of labile sulfur on the catalyst decreased in the amount of labile sulfur coincided with the catalytic activity.
In contrast, no significant difference in the release rate constants was observed.
Discussion
The sulfiding process can be approximately divided into two regions according to the treatment temperature Similar results were obtained in a XPS study using Co-Mo catalysts sulfided by thiophene, by which cobalt is sulfided after the initial sulfidation of molybdenum24). Therefore, it is reasonable to consider that sulfiding of CoMo catalyst is also divided into two regions. During the presulfiding process, sulfiding by sulfur species and reduction by hydrogen proceed simultaneously, and higher temperatures favor reduction by hydrogen1),23). This is consistent with our results showing that the catalytic activity after two stage procedures (PSI-6, 7 and 8) was greater than that after one stage procedure (PSI-2) ( Table 4 ). This result is attributed to the two simultaneous reactions in the sulfidation process, i.e., sulfidation by H2S favored at lower temperatures, and reduction by H2 favored at higher temperatures23). As shown in Table 4 , catalyst prepared by PSI-5 with sulfidation directly carried out occurrence of reduction prior to sulfiding. Thus, the two stage procedure with lower temperature and higher temperature stages should be favorable to the sulfidation of the catalyst. This also suggests that the decomposition temperature of CS-40 is very low and the sulfidation of Mo species proceeds easily even at low temperatures.
The catalytic activity after ex situ presulfiding decreased in the order of CS-40+sulfur>CS-40>sul-fur, presumably as a result of the following.
The polysulfide (CS-40) impregnated onto the catalyst was decomposed easily into several sulfur species, partially sulfiding the catalyst in the first stage. However, elemental sulfur impregnated onto the catalyst cannot be transformed to H2S at lower temperatures even under H2, so sulfiding by sulfur species originating from elemental sulfur can only occur at higher temperatures. Thus, sulfiding using only sulfur results in incomplete sulfiding of the catalyst because higher temperatures favor reduction by hydrogen. In contrast, catalyst impregnated by CS-40 plus sulfur underwent sulfiding by CS-40 in the first stage, and was continuously sulfided by elemental sulfur in the second stage, resulting in higher activity of the catalyst than when using CS-40 or sulfur.
The effect of the sulfiding methods on the sulfide state of the catalysts was investigated by estimating the apparent activation energies of the HDS reaction of Table 6 Results DBT on several presulfided catalysts from the Anhenius plots of pseudo-first-order reaction rate constants, as shown in Fig. 6 . There is no significant difbetween the catalysts. This indicates that there is essentially no difference in the mechanism of reaction for all the catalysts.
Further, the presulfidation method affected the amount of labile sulfur but hardly affected the release rate constant of H2S, as shown in Table 6 . As we proposed previously, the amount of labile sulfur represents the number of active sites and the release rate constant represents the mobility of the active sites, i.e., the turnover frequency21). Therefore, the difference in the catalytic activity probably originates from the difference in the amount of labile sulfur, or the number of active sites formed in the sulfiding process using different methods and/or agents. However, similar active sites for HDS of DBT were probably formed because the kRE was approximately the same in every case, as shown in Table 6 .
Catalysts prepared using CS-40 according to the two stage procedure had higher activity for hydrogenation, as shown in Fig. 3 . Removal of alkyl groups on DBTs such as 4-methyldibenzothiophene and 4,6-dimethyldibenzothiophene, considered to be the most difficult HDS reaction, becomes easier after the aromatic ring is hydrogenated25). Thus, it is reasonable to consider that sulfidation with CS-40 according to the two stage procedure provides new activation method for catalysts used for deep HDS of light gas oil.
Conclusions
The present study indicates that bis- (1,1,3 
